Oilseed rape (Brassica napus L.) yield is strongly decreased by water deficit, and crop-management solutions are urgently required considering the emerging difficulties in breeding for drought-tolerant varieties. Film-forming antitranspirants (polymers) are agrochemicals that, applied to the crop canopy, mechanically block the stomata and decrease canopy transpiration. In this study, the drought-protection efficacy of an adaxial-surface application at the flowering stage of two film-forming treatments (poly-1-p-menthene and di-1-p-menthene) was investigated in potgrown, droughted oilseed rape over two glasshouse experiments. Over the drought period, the two compounds reduced leaf stomatal conductance (P < 0.001), and as the soil moisture deficit increased, they sustained carbon assimilation and improved water-use efficiency with differing efficacy. Following the antitranspirant treatments, ABA concentration in leaves and reproductive organs was severely reduced and this was accompanied by significant improvements in leaf and flower-pod water potential. Drought significantly decreased the seed dry matter production of oilseed rape plants, by 39% on average. The treatments significantly increased seed dry matter by 13% (poly-1-p-menthene) and 17% (di-1-p-menthene), on average, compared with the unsprayed droughted plants, as a result of a significant increase in number of pods per plant, by 11% and 13%, respectively. The results suggest that film-forming compounds may be a useful crop-management tool to avoid severe drought-induced yield losses in oilseed rape by improving water-use efficiency and plant water status, thus alleviating ABA signalling under water deficit.
Introduction
Climate change is increasing the need to maintain agricultural production under water-restricted conditions (Cattivelli et al. 2008) . The steady trend of increased drought periods is motivating researchers to find new technologies and agronomic tools to avoid yield reductions in water-limited environments. Oilseed rape (canola, Brassica napus L.) is the third largest source of vegetable oil in the world (FAOSTAT 2014) . Hess et al. (2015) reported that oilseed rape is more drought-sensitive than other crops such as wheat, and drought stress occurring at the reproductive stages is considered one of the main detrimental factors, reducing the total crop productivity by 40-50% (Champolivier and Merrien 1996) . The sink size of the crop (and hence, seed yield) is determined over a crucial period between flowering stage and mid pod-development stage (Mendham et al. 1981; Berry and Spink 2006) . During this period, adverse environmental conditions can substantially limit pod and seed production (Diepenbrock 2000) .
Improving the water-use efficiency (WUE) of crops and thus drought tolerance by stimulating stomatal closure through genetic modifications has been extensively used in a broad set of crops (Wan et al. 2009 ). In oilseed rape, significant yield improvements under moderate water deficit were found by Wang et al. (2005) , whereby downregulation of the a and b farnesyltransferase subunits resulted in higher yielding plants than the wild type through reduced stomatal conductance over the drought period. In the study of Georges et al. (2009) , transgenic oilseed rape lines transformed to overexpress the phosphatidylinositol-specific phospholipase C enzyme, involved in phosphatidylinositol-specific signal transduction pathway and thus responsible for stimulating intracellular Ca 2+ release, exhibited early maturation, lower abscisic acid (ABA) and ABA catabolic derivate concentration, and an improvement in instantaneous WUE. Despite these efforts, however a droughttolerant oilseed rape variety is still far from being achieved (Wan et al. 2009 ).
Under water deficit, stomatal closure triggered by the ABAmediated, long-distance signals network helps the plants to avoid turgor loss at the expense of CO 2 uptake (Wilkinson et al. 2012) . Stomatal closure to attain WUE improvement could be artificially triggered by applications of exogenous ABA or ABA-dependent chitosan (Iriti et al. 2009 ). However, for large-scale farming, chitosan exhibited limited efficacy (i.e. could be useful only for occasional and short dry periods as reported by Iriti et al. 2009 ), and ABA is too expensive. Furthermore, ABA may show harmful effects on reproductive development. High ABA concentrations over the reproductive stages have been related to pod abortion in soybean (Liu et al. 2003) , lower seedset in wheat (Westgate et al. 1996) , and disruption of pollination and bud development in oilseed rape (Shukla and Sawhney 1994) . Thus, an ABA-independent stomatal conductance suppression that improves WUE and avoids ABA-mediating mechanisms that cause reproductive abortion and/or affect xylem ABA translocation to the reproductive organs may be preferred for crop management under drought conditions. Film-forming antitranspirants (AT) are polymers that, when sprayed in an emulsion with water onto the crop canopy, are able to block the stomata mechanically (Kettlewell 2014 ) over a period of 10 days (Anderson and Kreith 1978) to 30 days (Palliotti et al. 2013) , depending on their chemical composition. Their efficiency in decreasing stomatal conductance (Kettlewell 2014) , enhancing WUE under both non-stressed (Palliotti et al. 2013) and stressed (Moftah and Al-Humaid 2005) conditions, and improving plant water status (Davenport et al. 1972; Kettlewell 2014) has been well established. Previous work showed yield improvement under water-limited conditions when film-forming treatments were applied on wheat (Kettlewell et al. 2010) . Indeed, an application of di-1-p-menthene over meiosis stage in pollen mother cells improved pollen viability and number of grains per ear of droughted wheat through a reduction in transpiration rate, suggesting that the water saved was enough for the successful development of the reproductive processes (Kettlewell 2014) . Similar yield responses of droughted wheat treated with AT were recently shown by Abdullah et al. (2015) . Furthermore, Iriti et al. (2009) showed that ABA concentration in leaves of AT-treated bean plants was significantly lower than in the untreated control, suggesting the existence of an adaptive mechanism primed by a stomata-blocking treatment. When sprayed at high concentrations, AT may create significant source limitation by reducing CO 2 diffusion inside the substomatal cavity (Anderson and Kreith 1978) . Despite this, field trials over 2 years showed that AT application at the initiation of flowering (hence, at the beginning of the drought-sensitive stage) on droughted Brassica campestris was able to increase the seed yield of the crop by 22% compared with the untreated control (Patil and De 1978) . To our knowledge, however, the efficiency of ATs and their impact on the physiological mechanisms and processes have never been studied on droughted Brassica species.
We carried out two experiments with the aims of: (i) investigating the effectiveness of two different film-forming compounds at increasing the yield of droughted oilseed rape; and (ii) understanding the physiological mechanisms involved in AT-related yield increase. The hypothesis tested was that, following AT application, the yield of droughted oilseed rape benefits from additional decreased leaf conductance over the flowering stage. In addition, in Expt 1, leaf temperature data were collected to evaluate a possible detrimental impact of an extra resistance at leaf level. In Expt 2, the CO 2 assimilation, plant water status, stomatal behaviour, ABA concentration and their correlations with yield components of droughted oilseed rape were analysed.
Materials and methods

Plant material and experimental design
In Expt 1, seeds of oilseed rape (cv. Excalibur; DEKALB seeds, Monsanto, Cambridge, UK) were sown into six seedling-planter trays (each with 24 pots of volume 100 mL) filled with John Innes No. 2 loam-based potting compost (John Innes Centre, Norwich, UK). Seeds were sown on 1 July 2014 inside the Harper Adams University (HAU) glasshouse, with average daily temperature 18 AE 48C, relative humidity 70 AE 10% and average daily photon flux density 400 mmol m À2 s À1 from natural light supplemented with tungsten lamps measured with a PAR sensor installed in the CIRAS cuvette. After 20 days, seedlings were transferred to a cold room at 48C for 8 weeks of vernalisation (8 h-16 h light-dark photoperiod). Seedlings at the fifth true leaf stage (GS 1.5, BBCH canola growth scale, Lancashire et al. 1991) were transplanted on 1 October into 5-L pots (one plant per pot) containing~2 kg John Innes No. 2 compost at 22 AE 1% volumetric water content (VWC), analysed with a soil moisture probe (ML2X theta probe; Delta-T-device, Cambridge, UK). Seedlings were again placed inside the glasshouse in the same conditions as above. The plants at rosette stage were then moved to the National Plant Phenomics Centre (NPPC) glasshouse on 12 October 2014 and manually watered approximately to saturation every 2 days. Plants were grown in the glasshouse at temperature 18 AE 48C, relative humidity 60 AE 10% and average daily photon flux density 400 mmol photons m À2 s À1 from natural light supplemented with incandescent lamps (16 h-8 h light-dark photoperiod).
In Expt 2, oilseed rape seeds (cv. Excalibur) were sown on 15 October 2014 inside the HAU glasshouse and after 20 days (i.e. at fifth true leaf stage) moved into a polytunnel to vernalise over 3 months in natural winter conditions (temperature: minimum -4.58C, maximum 19.08C, average 7.78C). Plants at rosette stage were transplanted on 16 January 2015 into 5-L pots (one plant per pot) containing John Innes No. 2 compost and were placed inside a glasshouse. All pots were filled with compost at the same weight (2.5 kg) at 22 AE 1% VWC, analysed with a soil moisture probe (ML2X theta probe). Plants were grown in the greenhouse at temperature 18 AE 48C, relative humidity 70 AE 10% and average daily photon flux density 400 mmol photons m À2 s À1 from natural light supplemented by incandescent lamps (16 h-8 h light-dark photoperiod). A trickle-irrigation system was used to ensure uniform irrigation at~90% of field capacity of the compost. Before and immediately after imposition of drought (-3 and 25 days after spraying (DAS), respectively), plants were fertilised by applying 0.5 g nitrogen, 0.30 g phosphorus and 0.30 g potassium per pot. Powdery mildew was controlled by applying azoxystrobin (as Amistar Pro 1%; Syngenta, Basel, Switzerland) at -5 and 30 DAS.
Both experiments consisted of a 2 Â 3 factorial design: two levels of watering-well watered (WW) and water stressed (WS); and three AT treatments-no AT (-AT), 1% v/v Nu-Film P (NFP, a.i. poly-1-p-menthene 96%), and 1% v/v Vapor Gard (VG, a.i. di-1-p-menthene 96%). There were three randomised blocks for Expt 1 and six blocks for Expt 2.
Drought imposition
The available water content (AWC, mL) of the pots was calculated by plotting a VWC-pot weight curve. Three pots (filled with~2.5 kg compost at 22 AE 1% VWC) were watersaturated and then dried over 10 days at 308C. The VWC by soil moisture probe (ML2X theta probe) and the weight by balance at 0.1-g resolution (PCB 2500-2; Kern and Sohn, Balingen, Germany) were recorded daily. For John Innes No. 2 compost, the permanent wilting point was 7% VWC and pot capacity~45% VWC, according to Saeed (2008; unpubl. data ). The total AWC was then calculated as the difference between the weight of the pot at pot capacity (~2.7 kg in Expt 1 and 3.35 kg in Expt 2) and the weight of the pot at 7% VWC (~1.6 kg in Expt 1 and~2.0 kg in Expt 2) by moisture probe.
In Expt 1, the water use of each plant was calculated for 1 week before the application of the ATs by weighing the pots each day with a balance integrated in the LemnaTec conveyor system (LemnaTec, Aachen, Germany). From the water use data, WW plant pots were set to target weights of 2.7 kg and WS plant pots to 2.0 kg (~400 mL AWC) at GS 6.0 (first flower open), from 10 to 24 November (Fig. 1a) . The pots were automatically weighed by the system at 07 : 00, 12 : 00, 19 : 00 and 24 : 00. At 19 : 00, plants were re-watered according to the target weights calculated in the week before the treatment application and from the AWC-weight curve. Soil evaporation was not taken into account. Air temperature was recorded by data logger (Priva Group, De Lier, Netherlands) over the experiment (Fig. 1c) .
In Expt 2, drought was imposed for 16 days from GS 6.0 to GS 7.1 (i.e. from the first flower open until the pods on the main raceme were completely formed) by removing the trickle irrigation. The pot AWC was then calculated as Eqn 1: AWC ¼ pot weight À ðpot weight at permanent wilting point þ plant weightÞ ð 1Þ
Three spare plants were used to evaluate plant fresh weight at GS 6.0 (~300 g). During the stress treatment, pots were weighed by the 0.1-g resolution balance every afternoon (15:00-16 : 00) (Fig. 1b) . During late afternoon (17:00-18 : 00), the WW pots were re-watered to pot capacity if necessary, and the WS pots were filled to 500 mL of AWC by using Eqn 2:
Water to add ¼ 500 mL À pot AWC ðmL; weighed by balanceÞ ð2Þ
At 17 DAS, trickle irrigation was re-applied to the WS plants. To evaluate the impact of the increasing plant weight on the rewatering process, the soil moisture probe was used to monitor daily the effective VWC of the pots. Air temperature was recorded by data logger (DS1921G Thermochron iButton; Maxim Integrated, San Jose, CA, USA) throughout the experiment (Fig. 1d) .
Antitranspirant applications
Antitranspirants were applied just before the drought application, on the same day in the early afternoon. The adaxial surface of the leaf was uniformly sprayed with water (-AT) or a solution in water (VG and NFP; 20 mL AT in 2000 mL water, ensuring 
Gas-exchange analysis
In Expt 1, stomatal conductance (g s ) was measured by using a transient-state diffusion porometer (AP4; Delta-T Devices). Data were collected at 3, 7, 9 and 14 DAS. The device was calibrated before every use by using the calibration plate provided. Three measurements of the abaxial and adaxial surface g s were collected from three fully expanded leaves on the top canopy per plant, and the mean was used for statistical analysis. Total g s (g stot ) was then calculated as adaxial g s + abaxial g s . Data were collected between 09 : 30 and 12 : 00.
In Expt 2, light-saturated CO 2 assimilation (A max , mmol CO 2 m -2 s -1 ) was measured on the first fully expanded leaf of the top canopy (n = 6) by using a CIRAS portable photosynthesis system (PP Systems, Amesbury, MA, USA) with a 2.5-cm 2 cuvette, ensuring a saturating 1200 mmol m À2 s À1 of photosynthetically active radiation. All data were recorded after 3-4 min at 380 ppm CO 2 , when steady-state photosynthesis was achieved. Data were recorded at -1, 2, 5, 7, 9, 13, 15, 17, 20 and 22 DAS, between 09 : 30 and 12 : 00.
At the same time and on the same leaf, the adaxial (n = 6) and the abaxial (n = 6) leaf g s was measured as described for Expt 1. A good correlation was found between values measured with the CIRAS and the porometer (R 2 = 0.53). Data were collected at -1, 1, 2, 3, 5, 7, 9, 11, 13, 15, 17, 20, 22, 24 and 25 DAS. The g stot was then calculated as adaxial g s + abaxial g s (n = 6). The intrinsic water-use efficiency (WUE i ) was then calculated as A max /g stot (n = 6).
Thermal image collection and analysis
Thermal images were collected during Expt 1 with a VarioCAM HiRes camera (640 Â 480 pixel, spectral range 7.5-14 mm) (Jenoptik, Jena, Germany). Images (one per plant) were manually collected from the side on 13 November (3 DAS) and adjusted to~40-458 angle at 7, 9 and 14 DAS. These were collected between 16 : 00 and 17 : 00 inside a LemnaTec chamber installed in the conveyor system; the images were collected in the afternoon to avoid differences in temperature and light irradiance inside the data-collection chamber. At the same time, pictures were collected with a Basler camera (2454 Â 2056 pixel, spectral range 3.8-7 mm) (Basler, Ahrensburg, Germany) from both the side and top view. These data were collected~18:00 before re-watering over the whole experiment.
For thermal image analysis, the objective was to separate the area of interest (leaves) from other objects included in the images. Image temperature was standardised between 158C and 208C by using R to remove temperature background. A MatLab matrix (MathWorks Inc., Natick, MA, USA) was used to display the pixels calculated from matrix Z and to fill the areas between the pixels by using constant colours corresponding to the current figure temperature. After the image conversion, the temperatures of 25 randomly selected pixels per leaf on three leaves per replicate representing the leaves used for g s analysis were extracted and an Excel file was created for statistical analysis.
The mean of the 75 pixels per plant was used for statistical analysis.
Water potential and stomatal analysis
At 1, 7 and 14 DAS, plants from blocks 1, 2 and 3 of Expt 2 were used for analysis of leaf water potential (Ly) and flower-pod water potential (Fy). Between 12 : 00 and 14 : 00, three leaves or flowers-pods (without petals, as previously reported by Mogensen et al. 1997) were excised with a scalpel from three plants for each treatment (n = 3) and water potential was immediately analysed by a Scholander pressure chamber (SKPM 1405/50; Skye Instruments Ltd, Llandrindod Wells, UK). The tissues were analysed on the cut end of the petiole 1 cm from the base (leaf or flower-pod). The water potential value (MPa) was collected by using a magnifying lens to see when water was exuding from the cut surface.
After water potential analysis, the first fully expanded leaf of the top canopy of plants (blocks 3, 4 and 6) was used for stomatal imprinting. Dental putty (President Plus-light body; Coltène/Whaledent Ltd, Burgess Hill, UK) impressions were taken at 1 and 7 DAS on both the adaxial and abaxial surfaces of the leaf. The hardened material was removed from the leaf after~2 min. Nail-varnish peels were then produced from the impressions and these were transferred onto Polysine microscope slides (SLS; Hessle, North Humberside, UK). The stomatal width (the distance between the two guard cells) was measured by using a microscope (Olympus CX31RBSF; Olympus Co., Shinjuku, Japan) fitted with a camera (Infinity 2; Lumenera, Nepean, ON, Canada) and image-processing equipment (Infinity analyse; Lumenera). On each slide, 30 stomata were measured at 400Â magnification. Stomatal number was also counted on a 1-cm 2 area (n = 3).
Analysis of plant dry matter
At 16 DAS, plants from blocks 1, 2 and 3 of Expt 2 were harvested to evaluate aboveground biomass dry weight and root dry weight (n = 3). Plants were separated into aboveground biomass (stem, braches, pods and flowers) and roots by using pruning shears. Roots were then washed with tapwater to remove carefully all remaining soil. The collected tissues were then oven-dried at 708C for 48 h. Dry weight (DW) was recorded by using the 0.1-g precision resolution balance and the ratio root : shoot DW was then calculated.
ABA assay
The upper canopy leaves (3 and 16 DAS), buds-flowers (3 DAS) and flowers-pods (16 DAS) from the main stem of Expt 2 plants were collected at 12 : 00 from blocks 1, 2 and 3 for ABA assay (n = 3). Tissues were excised with a scalpel, placed in 15-mL tubes and immediately flash-frozen in liquid nitrogen. The samples were then freeze-dried and stored in a À208C freezer for ABA assay. Concentration of ABA was measured with an enzyme-linked immunosorbent assay (ELISA) (Cusabio Biotech, Carlsbad, CA, USA). Samples were fine-ground and ELISA was performed following the company procedure (code CSB-E09159Pl, www. cusabio.com/).
Yield component analyses
For both experiments, plants were hand-harvested at complete maturity (13 January 2015 for Expt 1, 6 May 2015 for Expt 2), and pods were counted to determine the number of pods per plant. Harvested aboveground biomass and pods were oven-dried at 308C for 4 days. Pods were then opened, and dried seeds and remaining plant material were weighed by balance (PCB 2500-2). Dried seeds were counted by seed counter (KL8 CountMaster, Kirby Lester, IL, USA) and the number of seeds per plant was recorded. Harvest index (HI), seeds per pod and 1000-seed weight yield components were calculated as described by Diepenbrock (2000) . Seeds were then crushed and 1 g dried seed per treatment taken used for Soxhlet extraction (Soxtec Ht 1043; Tecator Ltd, Denton, UK) by using petroleum ether. Oil concentration was then calculated as (weight of fat/sample weight) Â 100.
Statistical analyses
Watering data from both experiments are presented as means AE standard error (s.e.), calculated as the standard deviation divided by the square root of the sample size. Stomatal conductance, leaf temperature, gas exchange, water potential, stomatal width, dry matter production, ABA concentration and the pooled yield component data of the two experiments were subjected to two-way analysis of variance (ANOVA) to assess AT (-AT, NFP and VG) and watering (WW and WS) treatment effects. Data were checked for normality by examining residual plots. A Tukey's test (P < 0.05) was used for separation of means. Regression was used to test the relationships between the data. All the statistical analyses were performed by using GENSTAT 16th edition (VSN International Ltd, Hemel Hempstead, UK).
Results
Leaf temperature and stomatal conductance
Unsprayed plants at pot capacity had an average g stot of 402 mmol m -2 s -1 (Fig. 2a) and a mean temperature of 16.48C (Fig. 2b ). An AT application on WW plants increased leaf temperature by 0.28C for NFP and 0.78C for VG on average compared with-AT by decreasing g stot by 9% and 30%, respectively. The WS plants showed a higher mean temperature by 1.38C than WW plants, accompanied by a 65% significant reduction in g stot . An AT application on WS plants increased leaf temperature to an average of 17.98C for NFP and 18.28C for VG and reduced g stot by 11% and 50%, respectively, relative to -AT WW plants.
Gas exchange
Water stress at flowering stage reduced g stot by~40% in Expt 1 and by~50% in Expt 2, on average, compared with WW plants (P < 0.001 for all sampling times) (Figs 2a and 3a, b) . Treatment VG significantly decreased g stot in both WW and WS plants, showing longer lasting effectiveness than NFP with a steady reduction in g stot over both experiments. Treatment NFP showed smaller reductions in g stot (Figs 2a and 3a, b) , and these were not significant in WS plants throughout the experiments.
The adaxial and abaxial surfaces clearly showed different responses to water limitation. In Expt 2, treatment WS decreased the g s on the abaxial surface by~70% on average compared with the WW plants, and on the adaxial surface by~45% (Fig. 3c, e) , and similar results were observed in Expt 1 (P < 0.001 for all sampling times on the abaxial surface, data not shown). In both experiments, the abaxial g s analysis showed no significant differences between -AT, NFP and VG treatments (Fig. 3c, d) . However, although not significant, there was a trend to slightly higher values following the VG and NFP treatments, under WS, than -AT, and this was accompanied by significantly higher values during the first days of the recovery period. By contrast, the adaxial g s values showed the ability of the two filmforming treatments to reduce conductance; for the WW plants, both NFP and VG significantly decreased the adaxial g s (for 13 and 22 days, respectively), with a lower g s for VG than NFP plants (Fig. 3e, f) . The VG treatment with WS showed a significant reduction in adaxial g s during the whole water-limitation period in both experiments. In a similar way, although to a lesser extent, NFP treatment was significantly able to reduce adaxial g s but only for a relatively short period (5 DAS) in both experiments. Oilseed rape plants experienced a strong reduction in CO 2 uptake when water-limited. The decrease in CO 2 assimilation was accompanied by a decrease in g stot (Figs 3 and 4) . In Expt 2, both compounds applied to the WW plants significantly decreased the A max over the experimental period (Fig. 4a, b) .
By contrast, both NFP and VG treatments resulted in higher CO 2 uptake in WS plants.
The WS plants showed non-significant but higher WUE i values than the WW plants (Fig. 4c, d) . The VG treatment showed a significant increase in WUE i when sprayed onto WS plants compared with the -AT treatment (Fig. 4d) , whereas NFP did not significantly increase WUE i (Fig. 4c) . VG, Vapor Gard 1% v/v) . Vertical line represents the day at which drought and spray were applied. Plants were re-watered at 16 days after spraying (DAS) (arrows). Asterisks represent significant differences between -AT and the respective +AT value (top for WW and bottom for WS) according to Tukey's test. Error bars represent standard error of the differences of the mean (n = 6 until 16 DAS, from 16 DAS n = 3). Data from Expt 2.
Furthermore, VG WW plants tended to higher WUE i values than -AT WW plants.
Leaf and flower-pod water potential
In WW plants, Ly and Fy fluctuated around average values of -0.3 and -0.5 MPa, respectively, from 1 to 14 DAS (Fig. 5) . With respect to the WW plants, drought significantly decreased the Ly and Fy to an average value of -1.2 and -1.9 MPa, respectively, at 7 and 14 DAS. The NFP and VG plants showed no significant differences from the control. By contrast, VG WS plants had significantly higher Ly and Fy at 7 and 14 DAS than the -AT WS plants. The NFP treatment was able to increase Ly and Fy at 7 DAS, with no significant differences at 14 DAS compared with -AT.
Stomatal analysis
Stomata were unequally distributed between the surfaces, with 40% of total stomata number on the adaxial and 60% on the abaxial surface (data not shown). Microscope analysis of the stomatal width at 1 DAS showed significant increases in the adaxial stomatal apertures of the NFP and VG plants compared with both the -AT WW and -AT WS plants (Fig. 6a) . At 7 DAS, WS treatment was effective in decreasing both the abaxial and the adaxial stomatal apertures by 55% relative to WW treatment (Fig. 6b) . In WW pots and compared with the -AT WW plants, VG increased stomatal width at 7 DAS, whereas the effect was not observed in NFP plants. No differences were observed in abaxial stomatal apertures under the WW treatment. Conversely, under WS treatment, both NFP and VG significantly increased adaxial stomatal aperture width (Fig. 6) . In WS plants, abaxial Vertical line represents the day at which drought and spray were applied. Plants were re-watered at 16 days after spraying (DAS) (arrows). Error bars represent standard error of the differences of the mean (n = 6 until 16 DAS, from 16 DAS n = 3). Data from Expt 2.
stomatal aperture was wider with VG than -AT, whereas NFP was not significantly different from either.
Plant dry matter
Water stress significantly decreased the plant aboveground DW compared with the WW treatment. In WW plants, VG application significantly decreased the aboveground DW. By contrast, no differences in aboveground DW were found in NFP-treated plants relative to-AT (Table 1) . In WS plants, both NFP and VG treatments increased the aboveground DW, by 18% and 15%, respectively, compared with -AT.
Root DW, on the contrary, was not significantly affected by either drought or AT application.
The root : shoot ratio was significantly affected by the WS treatment, with an increase compared with the WW plants. NFP treatment did not affect root : shoot ratio in either of WW or WS plants. VG treatment did not change the root : shoot ratio for WS plants but significantly increased the root : shoot ratio for WW plants relative to -AT, due to a significant decrease in aboveground DW and a non-significant increase in root DW.
ABA concentration
Leaf ABA concentration in WW plants was 319 ng g -1 DW at 3 DAS (Fig. 7a) and 360 ng g -1 DW at 16 DAS (Fig. 7c) , which was significantly lower than that of WS plants (646 ng g -1 DW at 3 DAS and 1391 ng g -1 DW at 16 DAS) (Fig. 7a, c) . NFP and VG treatments on WW plants showed statistically non-significant changes from-AT WW plants, despite the lower values (288 and 250 ng g -1 DW at 3 DAS and 355 and 265 ng g -1 DW at 16 DAS, respectively). On WS plants, both NFP and VG treatments significantly decreased the ABA concentration relative to -AT, by 66% and 74%, respectively, at 16 DAS. At 3 DAS, the reduction was~2-fold.
The flower-pod ABA concentration of WW plants was 2-fold higher than that of the leaf at both 3 and 16 DAS (Fig. 7) . The WS plants showed a strong increase in ABA concentration, by 3-fold at 3 DAS and by 4-fold at 16 DAS, compared with WW plants. NFP treatment to WW plants did not change the ABA concentration, whereas in WS plants, a significant 4-fold reduction occurred compared with the -AT plants at 3 DAS and a 2-fold reduction at 16 DAS. The ABA concentration was decreased 4-fold by the VG treatment to WS plants relative to -AT WS plants at both 3 and 16 DAS.
Yield components
Compared with WW plants, plants receiving WS treatment over the reproductive stages showed decreased seed dry matter (by 39%, P < 0.001), numbers of pods per plant (34%, P < 0.001) and seeds per pod (3%, P = 0.002), and harvest index (22%, P < 0.001). Changes in 1000-seed weight were negligible. Oil content was not significantly affected by either drought or AT application in both experiments (data not shown). For WW plants, both NFP and VG treatments significantly decreased the number pods per plants (Table 2) , whereas, seed dry matter production and the other yield components were not affected. Compared with -AT WS plants, NFP treatment on WS plants showed a trend to increasing seed dry matter (by 13%), number of pods per plant (11%) and harvest index (Fig. 8c) as well as number of pods per plant (Fig. 8d) . Furthermore, Fy was well correlated with Ly (Fig. 8a ).
Discussion
Gas-exchange and leaf temperature
Film-forming ATs, unlike metabolic compounds (e.g. ABA or chitosan), depress leaf gas-exchange by mechanically blocking the stomata (as extensively shown by Weerasinghe 2013). In our experiments, both VG and NFP treatments were able to suppress g stot , with a stronger and longer lasting effect of VG treatment (di-1-p-menthene) compared with NFP treatment (poly-1-pmenthene). Similar, long-lasting effectiveness of di-1-p-menthene was found by Palliotti et al. (2013) . The suppression of g stot by the treatments purely derived from a suppression of the adaxial surface g s (i.e. where the compound was sprayed to simulate a field treatment), whereas under WS, a small increase in abaxial g s was also found. Under WS, the abaxial g s was less affected by drought than the adaxial, suggesting different mechanisms involved in stomatal control and/or sensitivity of guard cells to ABA and Ca 2+ , as previously reported by Wang et al. (1998) . The lesser effect of both ATs on gas-exchange characteristics under WS than WW environments found in Expt 2 suggests that, as stomata close, the induced gas-exchange suppression by the treatments may lose efficacy. Leaf temperature was significantly (P < 0.001) and negatively (r = -0.99) correlated with g stot , indicating that ATs raised leaf temperature. However, the range of leaf temperatures observed did not affect the normal physiological processes of the plants. Similar results were found by Gale and Poljakoff-Mayber (1965) . In the field, leaf temperature is controlled by a large number of environmental (e.g. wind) and biological factors, and transpiration is only part of the leaf heat balance. The results from Gale and Poljakoff-Mayber (1965) and Palliotti et al. (2013) support this suggestion. Further work is needed to evaluate the interactions between drought, heat and ATs.
The improvement in WUE i followed by a sustained A max value under WS in VG-treated plants has been described by other authors. Canopy gas-exchange of Vitis vinifera treated with 2% v/v di-1-p-menthene confirmed its capacity to increase plant WUE i (Palliotti et al. 2010) . In studies by Moftah and Al-Humaid (2005) and Latocha et al. (2009) , photosystem II stability and/or carbon assimilation of different crops were sustained after di-1-p-menthene application before water-deficit imposition, suggesting either that the product could be more permeable to CO 2 than H 2 O, or that ATs could reduce drought-induced photo-inhibition through improvement of the plant water status. Moreover, as reported by King et al. (1967) in a study where excision of the ear from wheat plants decreased photosynthetic rate, sink strength controls the carbon assimilation of the source-leaf through the source-sink interrelationships. Thus, lower pod abortion and higher seedset may lead to higher assimilate demand by the sink following the film-forming treatment. Whether the sustained A max is due to the wider abaxial stomata opening or to metabolic factors requires further investigation. Abdullah et al. (2015) argued that the sustained carbon assimilation over the drought period following a di-1-p-menthene application to wheat might be due to both the higher soil moisture conservation of the sprayed plants and a possible higher carbon recycling-re-fixation allowed by the increased plant water status. The faster and more efficient gas-exchange recovery of the VG-and NFPtreated plants after stress imposition compared with the -AT plants may be evidence that metabolic factors are involved in reducing photochemistry efficiency and/or carbon fixation in the presence of strong water deficit.
Plant water status and stomatal opening
Reproductive structures often have a high sensitivity to water deprivation (Liu et al. 2003; Prasad et al. 2008) . It has been previously shown that a more negative water potential has a direct effect on the functions and structures of the reproductive organs of soybean and wheat (Westgate et al. 1996; Liu et al. 2003) . In maize, low water potential downregulated the transcription of acid-invertase genes, in turn reducing carbohydrate metabolism in the ovaries (Andersen et al. 2002) . In our experiments, Ly was significantly correlated with Fy, and thus the extra resistance from application of the polymer at leaf level (NFP and VG) significantly improved the water status of the reproductive structures. Similarly, in the study by Kettlewell (2014) , a 1.25 v/v di-1-p-menthene application on droughted wheat improved leaf water potential by 25% compared with unsprayed plots. Because the stomata under a film-forming treatment are more open, the increase in Ly is conceivable, as previously reported by Davenport et al. (1972) and Iriti et al. (2009) . In addition, the higher water potential found in plants treated with NFP (7 DAS) and VG (7 and 14 DAS) under WS in both leaves and pods was closely correlated with the increased seed dry matter production of the plants (r = 0.60 and r = 0.48 at 7 and 14 DAS, respectively). Stomatal opening was affected differently by the two treatments, with VG (high stomatal conductance suppression) showing wider stomata than NFP (low stomatal conductance suppression), thus reflecting their capacity to improve Ly. The guard cell distance could be used as an alternative tool for screening the efficiency of film-forming compounds in improving plant water status, if a technique for rapid assessment could be devised. The results suggested that ATs, by increasing the stomatal resistance to water vapour, were able to save water for the normal biological processes over the reproductive stages, as previously reported in wheat by Kettlewell (2014) .
ABA concentration
Similar ABA concentrations in tissues of watered and droughted oilseed rape were found by Qaderi et al. (2006) . The small decrease in ABA concentration found in WW plants treated with VG and NFP at 3 DAS is in contrast to the 4-fold decrease found by Iriti et al. (2009) in well-watered bean plants. However, in our experiments the sampling was done on different days from those used in Iriti et al. (2009) , and a strong diversity in terms of xylem sap alkalinisation (hence ABA concentration) has previously been shown in many plant species by Sharp and Davies (2009) . The strong decrease in leaf ABA concentration at both 3 and 16 DAS under WS suggests that by maintaining higher soil moisture through the decreased g s , ATs may attenuate ABA signalling and thus ABA xylem translocation. It has previously been shown that ABA is not produced in the reproductive organs under water deficit (Liu et al. 2003) , and Morgan and King (1984) suggested that ABA accumulation in the spikes of droughted wheat is linearly related to leaf turgor decrease and leaf ABA concentration. Westgate et al. (1996) , using root pressure chambers to maintain high tissue water potential under drying soil, found evidence that by maintaining high leaf and shoot water status, the effect of water deficit in wheat grain set was reduced via less ABA accumulation (only 3-fold compared with the control, unlike a 15-fold accumulation in stressed, unpressurised plants). In our study leaf and flower-pod ABA concentrations were significantly and linearly correlated (Fig. 8b) , reinforcing the hypothesis that leaf ABA could be a major source of the ABA translocated to the reproductive organs, leading to detrimental effects on yield. Consequently, the AT treatments, by decreasing leaf ABA were capable of depressing flower-pod ABA. However, the decline in ABA concentration of the AT-treated plants under WS (restored to values similar to the WW) does not match the significant, less negative values of Ly and Fy. The applications of VG and NFP may have a strong impact in cell turgor maintenance leading to the lower leaf ABA accumulation (and thus translocation), and an impact on the soil moisture available leading to a suppression in ABA signalling. Whether this is only due to lower ABA translocation, lower in loco-leaf production or higher ABA catabolism deserves in-depth analysis.
The flower-pod ABA concentration was consistently higher than that of the leaf. Hence, the root-produced and xylemtranslocated ABA could contribute to ABA accumulation in the reproductive organs under water-limited conditions. In addition, as previously reported by de Bouille et al. (1989) , low concentrations of ABA could play a role in oilseed rape flower-pod development.
There is a lack of studies related to seed or pod abortion following ABA accumulation in oilseed rape. Shukla and Sawhney (1994) , in a semi-in vivo study, showed that pollen viability and bud length were dramatically decreased with a strong increase in ABA concentration (10 À3 M). Bouttier and Morgan (1992) showed that in vitro ABA addition (10 À5 M) to pod cultures in the absence of stress decreased seed number per pod, pod length and pod dry weight. The extent to which ABA concentration plays a role in podset or seedset is not clear. However, the strong depression of concentration following NFP and VG treatments under WS conditions and the significant increase in seed dry matter and pod number per plant suggest that, at high concentrations, an ABA-mediated abortion mechanism affecting pod and/or later seed formation may have occurred in oilseed rape periods of water stress. Our results indeed suggest that under WS treatment, there are significant and negative correlations between number of pods per plant and bud-flower ABA concentration at 3 DAS (Fig. 8f ) and seed dry matter and flower-pod ABA concentration at 16 DAS (Fig. 8e) .
Plant dry matter
The increased root : shoot ratio in WS plants compared with WW confirms the plant's capacity under drought stress to re-partition assimilates. Other work has shown that stressed plants, via root-shoot chemical signals, tend to increase root proliferation to improve water and/or nutrient uptake (Deleens et al. 1989) at the expense of the shoot biomass accumulation. In Brassica napus, under water deficit, roots become the main sink for assimilates, leading to long-term adaptive strategies such as root rhizogenesis (Deleens et al. 1989) . In our study, however, AT-treated plants showed higher aboveground DW and a trend (P = 0.079) to increasing root DW, suggesting greater photoassimilate availability over the drought stress period potentially because upregulation of ABA under stressful environments can reduce shoot and leaf expansion (Wilkinson et al. 2012) and/or via enhanced root hydraulic conductivity. Because the AT-treated plants showed a significant decrease in ABA concentration over the -AT plants, the increase in plant dry matter is conceivable. Moreover, as reported by Davenport et al. (1972) , cell growth and expansion are dependent on both carbohydrate availability and water status; thus, an improvement in Ly may explain the increase in aboveground DW. Under stressed conditions, consistent with our work, Goreta et al. (2007) found higher DW values after a film-forming treatment on droughted peppers. The increased root : shoot ratio in VGtreated plants under WW regimes suggests the existence of a root-to-shoot source-sink alteration triggered in the plant after the treatment; indeed the data show a trend (P = 0.079) to increasing the root proliferation and a significant decrease in aboveground DW accumulation that deserve further investigation.
In both experiments, the reduction in number of pods per plant due to NFP and VG application on WW plants is an indication of the source-limitation imposed by the two film-forming compounds, which, despite the increase in WUE i , depresses A max . However, seed dry matter was not affected, and the increase in number of seeds per pod in VG-treated plants suggests that plants were able to recover after the floweringstage, AT-induced source limitation. This hypothesis is also supported by the lower aboveground dry matter production of the VG-treated plants, despite there being no difference in harvest index. Therefore, it is possible that more assimilates were available and/or translocated to the seeds. Similar results were found by Berry and Spink (2009) in several field experiments where a triazole (metconazole) treatment at earlier growth stages (GS 5.0) enhanced seedset, probably by suppressing stem extension (thus more assimilates available) and branch length (thus more light intercepted by the lower canopy pods). However, whereas the metconazole mechanism is via the inhibition of gibberellin biosynthesis (Berry and Spink 2009) , the AT canopy regulation, at this stage, could only be explained by the induced source limitation.
Water deprivation over GS 6.0 and GS 7.1 significantly decreased the seed dry matter production of oilseed rape by 39%. The decrease in seed yield was associated with a reduction in number of seeds per plant (data not shown) and, to a lesser extent, to lowered pod numbers per plant yield. Our results are in agreement with data from Champolivier and Merrien (1996) . Because pod number and seed yield show a strong positive correlation (Richards and Thurling 1978) and their determination seems fully defined just after anthesis (Habekotté 1993) , carbohydrate limitation over the flowering stage from less carbon assimilation seems the major factor involved in pod abortion and limitation of the sink size, as postulated by Bouttier and Morgan (1992) and Habekotté (1993) .
The VG treatment improved yield components of the crop through the number of physiological traits improved over the flowering stage. Patil and De (1978) showed that a film-forming compound (Mobileaf, a film-forming wax emulsion) sprayed at the initiation of flowering on droughted Brassica campestris increased seed dry matter production by~20% over the untreated, droughted control. However, in our experiments, although NFP treatment resulted in a significant increase in 1000-seed weight and trends to increasing pod number per plant, seed dry matter and harvest index, VG treatment showed significant increases in pod number per plant and seed dry matter and an indication of an increase in harvest index without significantly enhancing the 1000-seed weight. Treatment with NFP reduced g stot less and over a shorter period than VG, suggesting that the protection from drought occurred just over the first days of stress (thus over the pod-formation period on the main stem). Conversely, increased 1000-seed weight could be related to the intrinsic compensative capacity of oilseed rape, and the physiological amelioration by NFP under WS may have made a significant contribution. By contrast, VG, in ensuring protection over the whole period, resulted in a greater sink size. This led to higher seed dry matter that depended only on the greater number of pods formed, suggesting that VG was not able to increase the yield component of seed number per pod. This may be due to a possible lack of assimilates available, which were insufficient to fill all of the formed pods entirely despite the VG-induced physiological amelioration under WS.
To conclude, we demonstrate that, as for other crops, yield of oilseed rape is strongly affected during the flowering stage by a synergistic effect of hydraulic and hormone signals, in turn related to a lack of assimilate availability due to the decrease in photosynthetic efficiency. According to our experiments, a film-forming application at 1% v/v on the WS oilseed rape canopy just after the GS 6.0 stage improved physiological and yield responses of the plant to water stress by triggering a more complex mechanism than has been previously postulated (Solarova et al. 1981) . The sustained carbon assimilation, shown also by Abdullah et al. (2015) in wheat, and the water potential improvement that was strongly correlated with the decrease in ABA concentration over the reproductive period are the main physiological traits involved in avoidance of yield decline under water deficit following a film-forming treatment. Moreover, significant modifications in root : shoot ratio were found. Vapor Gard seems more efficient for long drought periods (i.e. 20-25 days), whereas Nu-Film P could be a good candidate to overcome short impositions of water deficit (i.e. 7-10 days). However, care must be taken in data interpretation because water deficit imposed in pots is much stronger and develops much more rapidly than the stress generally occurring in the field, and ATs were applied just before the drought imposition, which represents the optimal conditions for a film-forming treatment.
Management strategies are lacking to avoid water-deficit damage in oilseed rape. Accordingly, further investigation is required to assess the effectiveness of the treatments to improve oilseed rape responses under water-limited environment at the field level.
